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ABSTRACT

Welded aluminum is an important part of many space structures. Knowledge of the

properties and behavior of weld material and the material surrounding the weld is important

for modeling and design of the structures. Photoelastic coatings (Photostress) and strain

gages were used to determine behavior of heat treated and as welded joints made from 2219-

T87 parent material and 2319 weld material subjected to tensile loads. TIG welds of ! !8 _ 2_

and 1.4 inches thicknesswere investigated.Discontinuous yieldingwas observed in a11tests

and highly non-uniform behavior through the weld thicknesswas observed in jointshaving

i and i inches thick had only small differenceswelds 1.4 inches thick. Joints having welds _

1 inch thick material containedin behavior through the thickness of the weld. Joints in the

distinct zones of constant strain within the normal strain gradient extending outward from

the weld centerline. These zones had different thickness and locations. Points at the weld

centerline, and for a distance of nearly one inch from the centerline, exhibited very non-

linear behavior during the first loading but exhibited near perfect strain hardening during

the second loading.

0 • •
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I. PURPOSE AND TASK DESCRIPTION

The purpose of this research is to characterize the mechanical behavior of basic 2219-

T87 aluminum welded joints using photoelastic coatings (Photostress). The overall project

consisted of three primary tasks in which welded tensile specimens _, ½, and 1.4 inches thick

were tested to determine the stress-strain relationships at points beginning at the centerline

of the weld and extending in one direction to locations of 4,1 s,a 2,1 a4, and 1 inch from the

centerline. To better describe the material behavior, color photographs were made and used

to present the yield characteristics of the welded joints including the weld material, the heat

affected zone, and the parent material. Prirnary tasks for the project were initially identified

as:

A. Task one

Using large, heat treated, dogbone specimens 1.40 inches thick, evaluate the extent of

the heat affected zone on the wide side of the weld. Tests will be conducted using specimens

having photoelastic coatings on the face of the weld and also on the side for both the bead

off and bead on conditions. The size of the various zones, where the zones are located with

respect to the weld centerline, and a stress-strain curve for each zone will be determined.

B. Task Two

1 and 1 inch thickness having a commonUsing as welded, bead off, dogbone specimens of g

width of 1.25 inches, evaluate the extent of the heat affected zone on the wide and narrow



sidesof the weld. Informationobtained will be the position, relative to the centerline of

the weld, locating the onset of yielding as a function of applied stress for both the wide

1 inch, tests willand narrow sides of the weld. For specimens having a thickness of only

be conducted initially on both sides of the specimen to determine if there is a difference in

material properties, on a point by point basis, between the two sides. It is already known

that there is a difference between material properties at similar points on the wide and

inch thick.narrow sides of some welds for specimens 7

C. Task Three

1 inch thickness and 9 inch width,Using as welded, bead off, dogbone specimens having g

correlate the strain in the various zones obtained by use of strain gages with the strain

obtained by use of photoelastic coatings. All measurements will be made on the wide side of

the weldment. Strain gages having _ 1 1 and _ inch gage lengths will be used to evaluate32' 16 _ 8'

the effect of gage length on strain averaging. Data from strain gages and photoelastic coatings

will be obtained at points located the same distance from the centerline of the weld, including

the point at the weld centerline. Gages will be placed specifically at y=0, y=0.25, y=0.50,

and //=0.75 inches from the weld centerline. Strains measured by the strain gages will be

limited to a maximum of 1.5% (15,000 x10 -6) in order to make use of regular, rather than

post yield, strain gages. The CEA group of strain gages from Measurements Group, Inc.,

along with M-Bond 200 Cement, is capable of measuring strains in this range. Photoelastic

coatings will be of the PS-1 and PL-1 types used with PC-8 adhesive.



D. Data Analysis

Each test wasdesignedfor three repetitions sothat a least squaresfit of the data scatter

could be made. Except for specialcaseswherevariationswere madein the three repetition

sequenceto emphasizea particular material behavior, curvesshownin all graphsrepresent

three tests. A softwarepackageinstalled on an IBM RS6000work station which usesboth a

linear and nonlinearanalysisfor curvefitting wasusedto producegraphsfrom the complete

data baseobtained from the three specimensin a set. Results obtained from eachof the

threeprimary taskswill bepresentedin detail in the following sectionsof this report.

II. BACKGROUND

Considerationfor this researchproject beganduring the summerof 1991when testing

of 2219-T87aluminum welded specimensusing Photostresswas started in the Metallurgy

ResearchBranch,Metallic Materials Division, Materials and ProcessesLaboratory of NASA

at the Marshall SpaceFlight Center. Gambrell (1) and other personnelof the Metallurgy

ResearchBranch tested approximatelytwenty tensile test specimensto determineif Photo-

stresswasof valuein characterizingthe mechanicalbehavior of weldedjoints. Successwas

obtained in severalareasand, in perhapsthe most important aspectof the work, a whole

field understandingof the stress-strainbehavior of the joint wasobtained by observingthe

fringe pattern in the photoelasticcoating covering the joint.

Since Photostress is used to measure the maximum shearing strain, "_, at a point rather

than measuring normal strain, Chakrabarty's (2) approximation for the contraction ratio of



both parent and pure weld material wasused to convert from maximum shearing strain to

normal strain in the tensile test specimens. For tensile specimens, the strain-optic law states

that

-Nf (1)
7,_ = q - e2 - 2tpK

where N = fringe order

= wavelength of light = 22.7 x 10 -6 inches,

tp = thickness of coating, and

K = calibration constant of coating.

Since e2 = -#q for uniaxial tension, equation [1] may be written for the elastic range as

Nf

,1- (1 + #) (2)

where # = Poisson's ratio. For the inelastic range, Poisson's ratio must be replaced by the

contraction ratio, a, which Chakrabarty approximates as

(3)

where E, = the tangent modulus and

E = the modulus of elasticity.

Thus, equation [2] becomes
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Nf (4)
q - (1 + a)

for the inelastic range. The contraction ratio may be calculated for each value of uniaxial

stress using a tangent modulus curve constructed from an engineering stress-strain curve.

Contraction ratios for the 2319 weld material and the 2219-T87 parent material were cal-

culated during the summer work and are given in the appendix to this report. Tangent

modulus curves are also given.

Using carefully machined test specimens of 2219-T87 parent material and 2319 pure

weld material during the summer of 1991, it was verified that Chakrabarty's approximation

could be used to successfully determine the stress versus normal strain relationship in regular,

unconstrained test specimens. Graphs showing these stress-strain relationships are contained

in reference (1). After verifying the applicability of Photostress to analyze behavior of parent

and pure weld material, it was used to obtain the stress versus maximum shearing strain

behavior of a number of tensile specimens having various types of welded joints at their

center. Many graphs showing the behavior o_" specimens having welded joints are contained

in reference (1).

Experience in the summer of 1991 indicated that, to accurately observe strains in the

.015 to .030 range, the thickness of the photoelastic coating would need to be around 0.01

inches when using PS-1 plastic which has a strain-optic constant of If=0.15. Therefore, for

all tests except those having coatings on the full weld bead (task 1), a thickness of 0.01 inches

was used. For the photoelastic coating used on the full weld bead, PL-1 plastic was required



since it had to be poured and _:ontoured over the weld bead in its semi-polmerized state.

Since the strain- optic constant for PL-1 is only 0.10, a thickness of 0.02 inches was selected.

Also, since it is extremely difficult to pour and handle plastic that is 0.01 inches thick, the

thicker material provided for slightly better, more accurate pouring and application.

HI. ORIENTATION FOR DATA COLLECTION, AND EQUIPMENT

Photo 1 shows the general, dogbone type, test specimen used in all tests. Panels of

parent material were TIG welded by NASA personnel at the junction of the two halves of

parent material and were taken to the University of Alabama for machining in the College of

Engineering machine shop. All specimens were made having 12.5 inches between hole centers

and had different test section dimensions depending upon the task nmnber. Figure 1 is a

sketch of the specimen showing basic locations for data collection beginning at the centerline

of the weld and moving downward on the specimen. Specimens for task 1 had, in addition to

the vertical centerline, another vertical grid line on either side of the centerline to facilitate

data collection along horizontal lines through the thickness of the weld (1.4 inches). These

additional lines will be seen in photographs of the 1.4 inch thick specimens.

Photo 2 shows face and side view etchings of welds in 0.71" x 1.4" specimens used in

task 1 which had full weld beads on both surfaces. All graphs presenting the stress-strain

relationships refer to the "wide" and "narrow" sides of welds. The wide side for these

specimens was defined as that surface having the protruding weld material which had the

greatest distance between the fillets connecting the weld to the parent material. In Photo

2(a), this wide side is seen as the face view and it is also seen as the left protruding weld in
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(a) Face View (b) Side View

Photo 2. Typical Weld, Bead On, 1.4" Material

(a) Face View (b) Side View

Photo 3. Typical Weld, Bead Off, 1.4" Material



the side view of Photo 2(b). Allwelds in the 1.4" thick material had the same general shape

and appearance as those seen here.

Photo 3 shows face and side view etchings of welds in 0.71" x 1.4" specimens used in task

1 which had the weld beads ground off. The wide side of the weld was defined in the same

manner as for those specimens having the full bead on and can be seen in Photo 3(a). It

also appears as the left surface of the specimen seen in Photo 3(b). In Photos 2(b) and 3(b)

note the highly irregular, non-uniform shape of the weld in the 1.4" thick material.

1 " 9" 1/t
Photo 4 shows face and side view etchings of welds in the 7 x _ and g x 1.25" specimens

used in tasks 2 and 3. The wide side was defined as that surface being the greatest distance

1 inch thick material hadfrom the narrow "neck" as seen in Photo 4(b). All welds in the 7

the same general shape and appearance as those seen here. The neck was always nearer to

1 t/

the narrow side of the specimen. Welds on the face of specimens g thick looked like those

in Photo 4(a) but, because they were so thin, did not have a neck or any other characteristic

feature in their side view.

Tests for the three tasks in this project were conducted using a SATEC 55 kip universal

testing machine as seen in Photo 5. Other items of equipment shown include a reflection po-

lariscope with uniform field compensator, a digital automatic recorder-printer for measuring

maximum shearing strain, and a model P-3500 static strain indicator used for taking data

from strain gages. A SB-10 switching and balancing unit (not shown) was used for multiple

gage installations.
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(a) Face View (b) Side View

Photo 4. Typical Weld, Bead Off, 1/2" Material

m

m

m

Photo 5. Test Machine and Equipment
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IV. GENERAL SPECIMEN BEHAVIOR

A. Bending

Although test panels were fabricated by NASA personnel in a manner as careful and

uniform as possible, specimens made from these panels were not nearly identical. No speci-

men was completely straight and, for most specimens, the parent material sections on either

side of the weld did not lie in the same plane. Therefore, there was bending present in all

specimens and, because of progressive non-uniform yielding starting in the weld and mov-

ing outward toward the parent material, the magnitude of the bending strain changed as

the stress increased. In most graphs depicting stress-strain behavior of the specimens, the

initial bending strain in the specimen may be clearly seen as an offset on the strain axis at

zero stress. Therefore, one must not consider the stress-strain curves in this report as being

obtained from ASTM type tensile tests for material properties. Rather, they represent the

realistic, non-uniform behavior of an imperfect welded specimen subjected to tension.

To provide an indication as to the magnitude of bending strain present in the specimens,

3 tl

strains were measured at three stress levels on both sides of several specimens at a point

away from the centerline of the weld. Bending strains were then extracted from these data.

3 r(
As the stress-strain curves show, this _ point remained elastic at the three stress levels.

Table 1 gives examples of the extent of bending strain present in several specimens of each

type.
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TABLE 1. Examples of Bending Strain, (Microstrain)

Specimen Size

Specimen No.

1/2" x 2"

8-2

8-3

8-4

1/8" x 1.25"

2-1

2-4

3-1

3-2

1_/2" x 1.25"

6-1

6-2

6-3

0.71" x 1.4"

2-1

2-2

1-4

Stress, psi

I0,000

209

339

204

24

269

260

263

32

183

20,000

136

330

127

261

298

255

400

327

293

357

468

578

535

322

523

753

507

30,000

54

290

37

454

219

319

385

243

446

393

654

740

452

B. Discontinuous Yielding and Strain Hardening

l H I" I" 9" specimen)All specimens except one (# 3-4, _ gage, centerline and _ line, i x

exhibited distinct discontinuous yielding characteristics. This behavior was observed when

using strain gages as large increases in strain which occurred for small increases in load and

when using photoelastic coatings as instantaneous jumps or changes in the fringe pattern

1 I; 1 It
while the load increased in at a uniform rate. For the as welded, g and _ thick specimens,

discontinuous yielding usually began between 20 and '2.5 ksi whereas in the 1.4" thick heat

treated material, it began between 35 and 40 ksi. Figure 2 shows an example of the discon-

I ;; I It
tinuous yielding in 7 thick material when using a _ strain gage attached to a specimen at
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3 II iIIthree different locations. No discontinuous yielding was observed at points _ and from

] II
the center]ine of the weld. Fifteen _ thick specimens were tested using strain gages having

1 ii 1 iI
five different gage lengths ranging from _ to 6-_ "

Discontinuous yielding is the result of a slip-hold- slip-hold process in which the energy

required to slip from one hold position to another hold position is represented by the area

under the segmented portions of the stress-strain curves. A computer program was written

to calculate those areas using the input stress-strain data taken from all fifteen specimens.

Figures 3-6 show the energy per unit volume required for slip at various stress levels in the

F' thick material at the centerline of the weld and at three different locations relative to the
2

centerline. A linear least squares fit was obtained for the scatter, and as seen in Figures 3-5,

I!

there are no significant differences in the average energy required for slip at the center, ¼ ,

3 ii 1 u

and g lines. Energy requirements for slip at the _ line (Figure 6) in the parent material

are seen to be quite different from those at locations closer to the weld centerline.

Having noted the highly inelastic action of the material near the weld centerline, tests

11!

were conducted to determine the general stress-strain behavior of the _ thick as welded

material in its virgin state and for the second load application. Figures 7 and 8 show the

material behavior at the weld centerline for the first and second loadings. Data were taken

1 I!

using a _ strain gage. Note in Figure 8 the near perfect strain hardening characteristic

of the material. Similar characteristics for the second loading of other specimens are shown

1- 3,, and 1"in Figures 9-11 for points 4 , s , 7 from the weld centerline. Note that near perfect

strain hardening has occurred up to the stress applied during the first loading. Note also
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in Figures 10 and 11 that clear examplesof discontinuousyielding can be seennear the

36 ksi stresslevel. In tests of specimensusedfor this project, discontinuousyielding was

observedat stressrates from 2,266psi/min to 10,000psi/min. Noting the strain hardening

characteristicsof the as weldedmaterial, it seemsclear that more predictable performance

of this material can be obtained if the weldedjoints are loaded onceprior to their use in

functioning structures.

V. RESULTS FROM TASK 1

A. Through the Weld Tests

1. Bead On

Photoelasticcoatings (References3-8) wereappliedto the 1.4" thick heat treated speci-

mensto determinebehavior of the joint asseenthrough the weld thickness(Photo 2(b)). The

1.4" thick specimensweremadefrom 2219-T37plate and 2319weld material heat treated at

350°Ffor 18hours. Behaviorof the material through the weldthicknesswashighly irregular

and non-uniform.

The wide sideof the weld wassubstantially weakerand more ductile than the narrow

side. This behavior can be clearly seenin Photo 6 which indicates shear strain patterns

through the weld at three different stresslevels. It is clear from the fringe patterns that the

protruding beadscarry only a small portion of the load. The differencein behaviorbetween

the wide and narrow sidesof the weld canbe clearly seenin Photo 7 which showsthe wide

sidebead,the overall weld, and the narrow sidebeadat the samestresslevel of 41,490psi.
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Note the high concentration of fringes on the wide side compared to those on the narrow

side. In all tests having the full bead on, the largest strain was developed at the upper

or lower fillet of the full bead on the wide side of the weld. When loaded to fracture, the

specimen broke near the fusion boundary containing that fillet where the largest strain was

initially observed. The sequence of strain development at the fillet of the bead can be clearly

seen in Photo 8. For this specimen, the fracture initiated at the upper fillet on the bead

seen in Photo 8. Figures 12-15 are Photostress-strain curves describing material behavior

at specific locations in the welded joint. Figure 12 indicates behavior along a centerline

3" 1"parallel to the axis of loading. Note that points _ and away from the weld center were

always elastic whereas significant yielding occurred at all other points. Figures 13-15 depict

behavior along three lines, perpendicular to the load axis, at the center of the weld and at

1 ii Itt

distances of _ and _ below the center. Curves labeled as "left centerpoint" and "right

centerpoint" refer to those vertical lines seen in Photos 6 and 7 which lie on either side of

the vertical centerline. These lines are positioned 0.35 inches to the left and right of the

vertical centerline. In Figures 13 and 14, note the much greater ductility at the left center

point than is seen for the center and right center points. This greater yielding at the left

Z It
center point is clearly seen in Photos 6 and 7. However, along a line 7 below the weld,

although considerable yielding was present, the behavior was much more uniform as seen in

Figure 15. Average mechanical properties of proportional limit and yield strength along the

vertical centerline are given in Figure 16. Values of 44 ksi for the proportional limit and 54

ksi for the yield strength at the 1" location were taken from data contained in reference (1)
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3 I1 11tsince yielding did not occur at the _ and locations during these tests.

2. Bead Off

Behavior of the 1.4" thick heat treated specimens having the bead ground off was deter-

mined in much the same manner as for specimens having the full bead on. Because of absence

of the weld bead, fringe patterns were somewhat different from those having the bead on

as seen in Photos 9 and 10. In Photo 9, note the fringe patterns as the stress increases.

Progression of the fringe front from the wide side toward the center is quite clear in (a) and

(b). In (b) and (c), one can note development of yielding fi'om the narrow side toward the

center. Fringes appear much like Luder's lines on the narrow side in (b) and (c). The Luder's

line type fringe did not appear as clearly in specimens having the full bead on. In Photo

10(h), Luder's line fringes can also be seen. Photo 10(a) shows the wide side bead off pattern

in which the two fillet locations can be seen as slightly blue dots just above and below the

centerline. Photo 10(c) shows the narrow side fringe pattern at a higher stress in which the

two fillet locations can be seen as dark red dots just above and below the centerline. Note

that on both the wide and narrow sides the strains vary greatly from one point to another

in any direction. Figures 17-19 are Photostress-strain curves describing material behavior at

specific locations in the welded joint. Figure 17 shows material behavior at locations along

the vertical centerline while Figures 18 and 19 give behavior along horizontal lines at the

1 It

center of the weld and at a location _ below the center. Only one specimen was tested for

1 It
behavior along the horizontal _ line. Average mechanical properties of proportional limit

and yield strength along a vertical centerline are given in Figure 20.



35

o

c_

v

° _

c_

_o

o
r_
c_

a_

v



36

q_

r_

rj
v

._°

v

_J_O
Lf_

v

4,4

c_

O

c_

_o



37

\
\
\
\

\

(!sd)ssoJ_S

©



38

%

%. •

, ,,I .... I .... I, L.u.,I, , ,,I ,_,Alz_ ,,I .... I.... I .... I .... I .... I .... l,,,,l,,.__L__u.J__u_.t.

(n.sd) sso lS

_o

exl



39

_,=

[..

.... I .... I .... I .... I .... I .... I .... I .... I .... I'''_1''''1 .... I;'''1''''1 .... I .... t ....

L



4O

i

illtllll]Jllll,lll|lllllllll]llllll|ll[lllll|ll||_
l,,ll|tllll]lll|lXtllllll[llllfllll]l

(/D

b.

++

>

(!sd)sso-tlS



41

B. Face of the Weld Tests

1. Bead On

Special Photostress material 0.02 inches thick was made at Measurements Group in

Raleigh, NC, and shipped to Tuscaloosa in a frozen, semi-polmerized state for thawing and

contouring over the bead on the weld faces. This thin material was selected to produce a

somewhat larger fringe order per unit strain and to allow for contouring down into the very

small fillet between the parent material and the protruding bead. From the view toward

the weld face, the fringe pattern with the bead on is quite different from the pattern with

the bead off. Photo 11 shows the fringe pattern with the bead on at three different stress

1 ii

levels. Note that, re]ative to the centerline, fringes _ and more away from the centerline

have higher fringe orders. That this condition of lower fringe order at the centerline of the

face of the protruding weld exists becomes obvious if one refers to Photos 6, 7, and 8 and

notes the near zero fringe order at the outer extremity of the bead. In some instances,

depending upon the overall geometry of the protruding bead, the fringe order at the outer

extremity in two beads can be quite different at the same stress level. Photo 12 shows this

difference in specimens 3-2 and 3-3. Specimen 3-2 shows a considerably larger fringe order

at the centerline than does specimen 3-3 even though both specimens are under the same

stress. Note the similarity of the two fringe patterns at points away from the weld. Photo 13

shows two views of a specimen with (a) being a microscopic view of (b). Near the fillet area

of the weld between points zero and 1, the fringe orders can be seen to increase as one moves

down the curved surface of the weld toward the fillet located just above point 1. Point 1 is
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!" below the centerline. Where the fringes concentrate at the fillet is also near the fusion4

boundary. By referring back to Photos 7 and 8, these views through the weld thickness give

a clear indication of how and why the concentrated fringes appeared in Photo 13.

Figures 21 and 22 show the Photostress-strain curves for the 1.4" thick heat treated ma-

terial for various locations in the welded joint. In both figures, the curve labeled "centerline"

should not be considered as an actual stress-strain curve. Recalling the fringe patterns in

Photos 7, 8, 12, and 13, it is clear that data taken at the extremity of a protruding bead

has no real relationship to a stress-strain curve since the protruding weld carries only a

small portion of the applied load. It is easy to see that other locations in Figures 21 and 22

have similar stress- strain characteristics and therefore specimens 3-1, 3-2, and 3-3 can be

considered as a reasonably consistent group.

2. Bead Off

Heat treated specimens having the 1.4" thick weld were tested with the bead ground

off and viewed from the face direction. When testing the thick weld specimens during the

"through the weld" tests described in section V.A.I., it was clearly seen that the wide side

of the weld was the preferential side for large yielding (Photos 6, 7, 9). Knowing this, face of

the weld tests were conducted with the bead off on both the wide and narrow sides. Photo

14 clearly shows the difference in overall fringe pattern between the wide and narrow sides

of the weld. At a stress level of approximately 39,500 psi, shearing strains on the wide and

narrow sides compared as follows:
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Posit ion Wide Narrow

Centerline 26,700 6,310

3" line 15,800 8,820
8

x- line 11,600 6,550
2

Figures 23 and 24 show the overall behavior of the joint for both the wide and narrow sides.

Clearly, the narrow side is much stronger and less ductile at those locations in the vicinity of

3 I!
the weld whereas relatively small differences exist at the _ and 1 inch locations. Mechanical

properties of proportional limit and yield strength for the welded joint are seen in Figures

25 and 26. Note that both properties are quite different for the wide and narrow sides of

the weld in accordance with the difference in fringe patterns seen in Photo 14. All "through

the weld" tests indicated a significant difference in material behavior between the two sides

of the weld. It would appear that, if 2319 weld material is used throughout the weld, the

process of fabricating the joint causes a very non-uniform behavior and should, perhaps, be

investigated further.

VI. RESULTS FROM TASK 2

I II 1 I!

Photostress was applied to the faces of welds in g x 1.25" and _ x 1.25" specimens

which were supplied in the "as welded" condition. The joints were made from 2219-T87

parent material and 2319 weld material. No "through the weld" tests were conducted for

I ii 1 i/
the g and 7 thick material. Tests on both the wide and narrow sides of the weld indicated

that there were only slight differences in mechanical behavior between the two sides.
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] II

A. Tests of _ Thick Material

1 I!

Photos 15 and 16 show yielding characteristics of the _ thick material. Yielding produced

a generally uniform strain gradient between the centerline and the 1" location and no distinct,

separate yield zones were observed. As indicated in Figures 27 and 28, large yielding was

3 and 1 inch lines, and in general, there were no largepresent at all locations except the

differences in behavior between the wide and narrow sides of the weld. Figures 29-34 show

details of the differences between the wide and narrow sides of the weld for six specific

locations from the centerline to the 1" line. As mentioned previously, bending was present

1 II

in all specimens. The thin, i thick panels were quite "peaked" in the vicinity of the weld

with respect to the ends of the specimen, and the effects of bending can be seen clearly in

Figures 29-34. If one mentally corrects for the offset along the strain axis at zero stress,

then the difference between the behavior on the wide and narrow sides of the weld is more

fully recognized is its true perspective. Figure 35 gives the average mechanical properties,

1 it --. --

including both the wide and narrow sides of the weld, for the _ thick material.

1 It

B. Tests of i Thick Material

I it

Unlike the _ thick material which yielded without distinct zones of strain concentration,

1 t!

the 5 thick material exhibited a generally non- uniform yielding characteristic and had

distinct zones of strain concentration within the strain gradient between the centerline and

the 1t' location. Photo 17 shows the fringes associated with a sequence of non-uniform

yielding at three stress levels. Photo 1S shows a microscopic view of a distinctly separate
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1 tt 3/I
yield zone seen as a wide yellow band between the _ and g locations. Such a band

of constant color represents a relatively large region of material where the shear strain is

constant rather than varying in accordance with the strain gradient pattern observed in the

_ 1 ii1,, thick material. Yield zones were observed in all _ thick material. General behavior of8

] II

the _ x 1.25" specimens is shown in Figures 36 and 37 for the wide and narrow sides of the

3 ,'/ 1 Itweld. No distinction could be made in these tests between the _ and positions. It may

be seen that only small differences exist between the behavior of the wide and narrow sides

of the weld, and these differences are given in Figures 38-42. Again, note the offset along

the strain axis caused by bending of the specimen.

TABLE 2. Yield Zone Location and Thickness

] I!

2 x 1.25" Specimens

Inches)

Zone 1 Zone 2 Zone 3

Specimen No. y t y t y t

6-4 .222 .059 .278 .054 .339 .067

6-5 .151 .061 .214 .066 .305 .116

7-1 .186 .097 .272 .076 .350 .080

Details of discontinuous yielding and yield zones for three specimens are given in Table 2

and Figures 43-45. For purposes of orientation, zone 1 is closest to the weld centerline, zone 2

is next, and zone 3 is the zone most distant from the centerline. No more than three different
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distinct zones were ever observed in any specimen. It may be seen in Table 2 that the zones

are located at different distances (y) from the centerline in different specimens and that the

thickness (t) of the zones also varies from specimen to specimen. Table 2 and Figures 43-45

give an indication of the behavior of the highly non-homogeneous material in the welded

joint, including the fusion boundary region. Yield zones did not appear in fringe patterns

until a stress between 22 and 25 ksi was reached and, as seen in Figures 43-45, exhibited

stress-strain behavior both above and below the curve obtained for the centerline of the

weld. Yield zones normally became non-distinct in the fringe pattern at stresses between 30

1 t!

and 35 ksi. Figure 46 gives the average mechanical properties for the _ x 1.25" specimens

including both the wide and narrow sides of the weld.

VII. RESULTS FROM TASK 3

In task 3 a combination of strain gages and Photostress was used to characterize the

]" 2"behavior of welded joints in as welded specimens having dimensions of _ x . First,

the stress-normal strain behavior was determined at positions along the centerline of the

1 II 1 It I I/ lt/ 111

specimen using strain gages of 6---_, 3-_ , _ , _ , and _ gage length (References 9 and

10). Second, the stress-shear strain behavior was determined at the same locations using

Photostress. Then third, the shear strain was converted to normal strain using Chakrabarty's

approximation to see if Photostress could be used to obtain stress-normal strain behavior

in the welded joint, heat affected zone, and parent material. Figures 47-51 show material

behavior using the five different gage lengths at various locations along the centerline of the

3 I1 1iispecimen. No yielding was observed at the _ and locations. To determi_e the effect
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of gage length on strain measured at a specific location, data were also plotted as seen in

Figures 52-56. It may be seen that, at a specific location, strains measured using all five

different gage lengths are quite similar. Obviously, the averaging effect of the longer gage

lengths causes the measured strain to approach the value obtained using the shorter gage

lengths. It should be recalled, however, from observing the fringe patterns that there are

many locations having greatly different strains under a strain gage of any appreciable, size.

Photo 19 shows the general, characteristic yielding of the material at three different stress

levels. Note in Photo 19 that the weld material, including the fusion boundary, exhibits a

non-uniform fringe pattern vertically and from side to side. This was observed in nearly

1 t!

all tests of the 7 thick material. Figure 57 shows the Photostress-strain behavior of the

1 It
specimens in this group of 7 thick material. It can be seen that, as in several of the stress-

1 tt 3 tl

normal strain curves, the value of shear strain at the centerline, _ , and g lines does not

1 It
differ greatly. In most specimens 7 thick, the etch lines seen in Photo 4 on either side of

1 tt 3 tt

the weld are either at or very near to the _ and _ lines. Thus, there is a region in the

vicinity of these lines in which widely varying strains can occur and these variations can be

observed in most of the fringe patterns.

To determine the applicability of Chakrabarty's approximation for converting shear strain

to normal strain, the three quantities of normal strain, shear strain, and corrected shear strain

were plotted in Figures 58-63 for six different locations, tn Figure 58, at the centerline of the

weld, it is seen that epsilon is nearly equal to gamma and that the corrected value of shear

strain does not compare closely with the normal strain. However, Figures 59-63 show that, at
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1 If

locations of _ and farther from the center of the weld, the corrected values of shear strain do

compare more closely with the values of normal strain. It is believed that this non-comparison

seen in Figure 58 is due to the constraint of the parent material and fusion boundary on

either side of the weld which does not allow the weld material to deform at constant volume

when subjected to inelastic deformation. Chakrabarty's approximation assumes that the

material deforms at constant volume as is normally done in inelastic behavior. It is. likely

that the contraction ratios in the constrained weld material are quite different from those

calculated by using Chakrabarty's approximation.

As previously mentioned, discontinuous yielding was observed in all but one specimen

I rl

and, in the _ thick material used in these tests, clear and distinct zones or bands of constant

shear strain were observed in many specimens. Photo 20 shows a sample of the characteristic,

constant strain, yield zones which were observed. Two distinct zones, one yellow and one

green, can be clearly seen. Table 3 identifies the location and thickness of zones in three of

1/I 2//the _ x specimens.

TABLE 3. Zone Locations and Thickness (Inches)

] II 211x Specimens

Specimen No.

1-3

4-1

4-2

Zone 1

Y

.124

.178

.249

t

•108

•125

.047

Zone

Y t

.133

.065

.071

Zone 3

Y

.191

.273

.308

iBm

.341

.377

t

miD

.071

.067
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Figures 64-66 show stress-strain curves for three different specimens (1-3, 4-1, 4-2) which

include behavior at the center of the weld and in different zones which were observed. Note

that stress-strain curves in the several zones lie both above and below the curve obtained

for the centerline of the weld. From Photo 20, it is clear that quite different strains would

be measured by a strain gage placed at any given point in the weld and fusion boundary

and that, depending upon the gage length, the measured value would contain some kind

of an average of many different strains occurring under the total gage length. Figure 67

1 ii 211shows average mechanical properties for the group of as welded _ x specimens. As seen

in previous graphs of mechanical properties (Figures 16, 20, 25, 26, 35, and 46), it is clear

that both the proportional limit and yield strength change quite a bit as one progresses from

the centerline of the weld to a point 1 inch from the centerline. The values at the 1 inch

location of 44 ksi for the proportional limit and 54 ksi for the yield strength (Figures 16, 20,

35, 46, and 67) were obtained from tests conducted at NASA during the summer of 1991

3" 1,isince, in this project, these specimens did not exhibit an 3' yielding at the _ and locations

when subjected to the maximum stress which was applied. However, in tests on the wide

and narrow sides of the welds in the 0.71" x 1.4" specimens (Figures 23 and 24), it is seen

3" 1"that yielding did occur at the _ and locations. Therefore, mechanical properties curves

(Figures 25 and 26) indicate values obtained during these tests for proportional limit and

3" 1"yield strength at the _ and locations.
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viii. SUMMARY AND CONCLUSIONS

A. Summary

Behavior of aluminum TIG welded joints having 2219-T87 parent material and 2319 weld

material has been determined using strain gages and photoelastic coatings (Photostress).

Both heat treated and as welded specimens were tested. In the weld material and fusion

boundary region, strains vary greatly from point to point and a general, non-uniform yield

behavior was observed in these regions. Stress-strain and material properties curves indicate

that heating affects heat treated specimens 1.4" thick at locations at least one inch away

from the centerline of the weld while in others, the heating effects seems to disappear near

3/I
the g location. In both as welded and heat treated material, discontinuous yielding was

observed at various levels of stress from 20 ksi to 45 ksi. In the slip-hold-slip-hold process

of discontinuous yielding, energy requirements for slip required to progress from one hold

position to another hold position were determined as a function of stress magnitude. Average

1 tl 3 l/

energy requirements for slip at the weld centerline, the _ , and the g locations away from

1 tt

the weld center were essentially the same whereas energy requirements for slip at the

1 I!
location were quite different. Material in the as welded condition having a thickness of

inch exhibited clear and distinct yield zones in which the shearing strain was constant. These

zones vary in strain magnitude and position from specimen to specimen. In the as welded

material, inelastic behavior was observed during the first loading of the specimen whereas

perfect strain hardening was observed during the second loading up to the magnitude of

stress applied in the first loading.
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B. CONCLUSIONS

1. Joints having a thickness of 1.4" in heat treated material exhibit a highly non-uniform

behavior through the weld thickness and, consequently, have quite different material

properties on either side or face of the weld.

2. Basic mechanical properties of proportional limit and yield strength are dependent

upon location, relative to the weld, in both heat treated and as welded material.

3. Procedure for laying the weld material in the 1.4" thick specimens produces a non-

uniform joint and affects yield characteristics of the joint.

4. A difference exists, although small, in mechanical behavior of the two sides, wide and

1" 1"

narrow, of welds in as welded material g and 7 thick.

5. Chakrabarty's approximation is not sufficiently accurate to convert shearing strain to

normal strain at points between the fusion boundaries in welded specimens subject to

axial tensile loads. At points outside the fusion boundaries and within the variability

from specimen to specimen, it is reasonably accurate for making the conversion.

6. Because of averaging of various strain values under the total gage length of a strain

1 1' 1 "

gage, gages having lengths between _ and _ produce approximately the same results

at specific locations when used to measure strains on an in the vicinity of the weld in

a welded joint.
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7. The specific values of stress at which discontinuous yielding begins is unpredictable,

except to say that it usually starts at approximately 20 to 25 ksi in as welded material

and at approximately 36 to 38 ski in heat treated material.
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X. APPENDIX

In the appendix, curves of tangent modulus and contraction ratio for 2219-T87 parent

material and 2319 pure weld material have been included from the work during the summer

of 1991. Since the contraction ratio applies only in the inelastic range, curves are plotted

as (Stress-P.L.) versus tangent modulus and contraction ratio where P.L. is the proportional

limit taken from tensile tests of parent material and pure weld material. Figure 68 gives the

tangent modulus curves, and Figure 69 gives the contraction ratio curves.

To provide examples of how the non-linear and linear curve fitting software treated the

scatter from tests using strain gages and Photostress, several graphs of each are presented

showing the fitted curve within the scatter which was obtained by testing three different

1 t!

specimens. Figures 70-74 are examples of fit and scatter using _ strain gages, Figures 75-79

1 II

are examples of fit and scatter using _ strain gages, and Figures 80-85 are examples of

fit and scatter using Photostress. Recalling that, except as previously noted, the scatter

represents all data taken from three different specimens, it may be seen that the scatter

observed when using strain gages compares in all cases with the scatter observed when using

Photostress.

In many instances, specimens have been referred to by panel and specimen number. For

example, 3-4 refers to panel 3 and specimen 4 from that panel.

In several of the graphs, the curves tend to "tail off" in one direction or another at their

ends. This is the result of not always having three sets of data for the curve fitting process

at the extreme high values of strain. In some cases, one or two strain gages would fail just
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before the end of the test. Also, for both strain gages and Photostress, discontinuous yielding

would occur at different stress levels in different specimens and, because of the extremely

large jumps in strain (often more that 5000 x 10-6), there would not always be three sets of

data for curve fitting at the ends of the curve.

Table 4 gives a list, by size and description of specimen, of all specimens tested in this

project.
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TABLE 4. Specimens Tested

Size Panel Number - Specimen Numbers

1.2" X 2"

as welded

I/2" x 1.25

as welded

i/8" x 1.25"

as welded

.071" x 1.4"

heat treated, weld off

.071" x 1.4"

heat treated weld on

i-i, 2, 3, 4

2-1, 2

3-1, 2, 3, 4, 5

4-1, 2

5-1, 2, 3, 4, 5

7-2, 3, 4

8-1, 2, 3, 4

6-1, 2, 3, 4, 5
7-1

2-1, 2, 3, 4

3-1, 2

i-i, 2, 3, 4

2-1, 2

2-3

3-1, 2, 3, 4, 5


